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Signaling by phosphorylated species of phosphatidylinositol (PI) appears to regulate diverse responses in
eukaryotic cells. A differential display screen for fat- and muscle-specific transcripts led to identification and
cloning of the full-length cDNA of a novel mammalian 2,052-amino-acid protein (p235) from a mouse adipocyte
cDNA library. Analysis of the deduced amino acid sequence revealed that p235 contains an N-terminal
zinc-binding FYVE finger, a chaperonin-like region in the middle of the molecule, and a consensus for
phosphoinositide 5-kinases at the C terminus. p235 mRNA appears as a 9-kb transcript, enriched in insulin-
sensitive cells and tissues, likely transcribed from a single-copy gene in at least two close-in-size splice variants.
Specific antibodies against mouse p235 were raised, and both the endogenously and heterologously expressed
proteins were biochemically detected in 3T3-L1 adipocytes and transfected COS cells, respectively. Immuno-
fluorescence microscopy analysis of endogenous p235 localization in 3T3-L1 adipocytes with affinity-purified
anti-p235 antibodies documented a punctate peripheral pattern. In COS cells, the expressed p235 N-terminal
but not the C-terminal region displayed a vesicular pattern similar to that in 3T3-L1 adipocytes that became
diffuse upon Zn21 chelation or FYVE finger truncation. A recombinant protein comprising the N-terminal but
not the C-terminal region of the molecule was found to bind 2.2 mole equivalents of Zn21. Determination of
the lipid kinase activity in the p235 immunoprecipitates derived from 3T3-L1 adipocytes or from COS cells
transiently expressing p235 revealed that p235 displayed unique preferences for PI substrate over already
phosphorylated PI. In conclusion, the mouse p235 protein determines an important novel class of phospho-
inositide kinases that seems to be targeted to specific intracellular loci by a Zn-dependent mechanism.

Research over the past several years strongly implicates
polyphosphoinositides as key regulators of diverse responses in
eukaryotic cells such as membrane ruffling, secretion, vesicular
trafficking, insulin-mediated membrane translocation of the
GLUT4 glucose transporter, cell adhesion, chemotaxis, DNA
synthesis, and cell cycle (for recent reviews, see references 1, 8,
12, 25, 30, 31, and 50 to 52). Species of phosphatidylinositol
(PI) phosphorylated at the D-5 position of the inositol ring
have attracted central attention because of several aspects.
First, PI 4,5-bisphosphate (P2) is a key precursor of at least
three second-messenger molecules, including inositol 1,4,5-
trisphosphate (P3), diacylglycerol, and PI 3,4,5-P3. Second, two
novel 59 phosphoinositide species, PI 5-P and PI 3,5-P2, misi-
dentified as PI 4-P and PI 3,4-P2 in previous studies, have been
documented in yeast and mammalian cells (14, 40, 53, 57).
Until recently, it was thought that the biosynthesis of PI 4,5-P2
involves two consecutive phosphorylation reactions of PI in
canonical order: first, PI 4-kinase specifically phosphorylates
position 4 of the inositol ring to generate PI 4-P, which is then
phosphorylated by PI-4-phosphate 5-kinase [PI(4) P5K] type I
or type II at position D-5 to generate PI 4,5-P2 (8, 31). It has
now been recognized that this pathway is catalyzed only by the
type I enzymes (or PI 5-Ks [51]), which display specificity
towards position D-5 of the inositol ring (40) and which, in
addition to PI 4-P, can utilize PI 3-P, PI 3,4-P2 (53, 62), and PI

(53) as substrates. Type II enzymes (or PIP 4-Ks [51]) possess
preferences towards position D-4 (40) and seem to utilize only
already phosphorylated PI substrates (53). cDNAs of both
types have been isolated and found to define differently sized
molecules which, outside the kinase domain, have no homol-
ogy with each other or with other lipid and protein kinases
(31).

While the phosphoinositides’ essential function in intracel-
lular regulation has been extensively documented in a variety
of experimental paradigms, the molecular mechanism(s) of
their action is still elusive. Interactions of polyphosphoinosi-
tides with protein modules such as the pleckstrin homology
domain of several proteins appear to contribute to specific
protein targeting or protein activation (for a recent review, see
reference 51). Very recently a new evolutionarily conserved
Zn21-binding domain, known as FYVE (49) or RING finger
(38), has been recognized as a specific protein module for PI
phosphorylated exclusively at position D-3 of the inositol ring
(7, 17, 38). Thus, specific interaction with protein modules
offers a promising concept in deciphering the molecular mech-
anisms of the phosphoinositides’ role in coordinated intracel-
lular regulation.

In this study we describe the identification, cloning, and
characterization of a novel mammalian protein, p235, which
harbors two key domains: an N-terminal FYVE finger and a
C-terminal PI 5-K homology domain. p235 was detected both
biochemically and morphologically in 3T3-L1 adipocytes with
specific-antibody preparations. Its distinctive peripheral vesic-
ular pattern of appearance in 3T3-L1 adipocytes as detected by
immunofluorescence analysis seems to be conferred by its
FYVE finger and a Zn21-binding mechanism. p235 preferen-
tially utilizes PI and, less effectively, PI 4-P substrates but not
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PI 3-P or PI 5-P to generate PIP and PI 4,5-P2, respectively.
Thus, p235 defines a distinct class of the phosphoinositide
kinase family that likely operates at distinct intracellular sites.

MATERIALS AND METHODS

Cell cultures. Conditions for differentiation of L6 rat myoblasts (a gift from
John Lawrence, Jr.) and 3T3-L1 mouse fibroblasts into insulin-sensitive myocytes
and adipocytes, respectively, on plates or glass coverslips (for immunofluores-
cence microscopy analysis) were as previously described (46, 47). MCF-7, HeLa,
and COS-7 cells were grown to the densities indicated in the figure legends on
plates or glass coverslips in Dulbecco’s modified Eagle medium containing 10%
fetal bovine serum (FBS), 50 U of penicillin per ml, and 50 mg of streptomycin
sulfate per ml. Chinese hamster ovary (CHO)-K1 cells were grown to confluence
on 150-mm-diameter plates in Ham’s F-12 medium containing 10% FBS and the
antibiotics mentioned above.

Tissue differential display and cDNA library screening. A modified reverse
transcription-PCR-based differential display protocol with selected primers that
preferentially targets mRNAs of moderate to low abundance was used as de-
scribed in detail elsewhere (21). Particularly, total RNA, derived from four rat
tissues, namely, adipose, muscle, brain, and liver, was subjected to first-strand
cDNA synthesis with Moloney murine leukemia virus reverse transcriptase
(Gibco, BRL) and an antisense (59-GTGAGATCTGTGCTGGTGTC-39)
primer named above. Fragment amplification by PCR was performed with the
antisense primer paired with a sense primer (59-GATCACAATAAACAGCTG
GAG-39) under 50°C annealing and 72°C extension temperatures for 30 cycles.
The radiolabeled oligonucleotide products were separated on 6% polyacryl-
amide sequencing gel, and a band of 363 bp (fragment 9) was selected on the
basis of its unique appearance in fat and muscle but not in brain and liver. After
elution, reamplification by PCR, and subcloning in pGEM-T Easy vector (Pro-
mega), fragment 9 was subjected to sequence analysis by Dye Deoxy Terminator
cycle sequencing (automated sequencer, model 373A; Applied Biosystems). A
mouse 3T3-422A adipocyte cDNA library constructed in lambdaZapII vector (a gift
of Bruce Spiegelman) was first screened with fragment 9 (probe 1; nucleotides
3710 to 4040 of the mouse p235 sequence) and then with the probes indicated
below by following previously published procedures (47). Briefly, 800,000 PFU
was plated with the XL1-Blue MRF9 strain of Escherichia coli as a host (Strat-
agene). The plaques were transferred onto nitrocellulose filters (Schleicher &
Schuell), alkali denatured, and fixed for 2 h at 80°C in a vacuum oven. The filters
were hybridized with 32P-labeled cDNA probes and washed according to stan-
dard protocols as we described previously (47). The selected positive clones were
plaque purified and then subjected to in vivo excision of the pBluescript SK1
phagemid from the lambdaZapII vector using ExAssist helper phage (Strat-
agene) and protocols provided by the manufacturer. To extend the sequences of
the isolated positive clones in both the 59 and 39 directions, the initial filters were
screened for three more rounds under the same conditions with new probes that
had been isolated from the preceding screening and positioned closer to the 39
and 59 ends of the p235 cDNA sequence. The following probes were used: probe
2, nucleotides 2200 to 3481, derived from clone IRG1; probe 3, nucleotides 5527
to 6000, derived from clone IRG7; and probe 5, nucleotides 347 to 2085, derived
from clone N12 (see Fig. 1A). In every new round of screening the positive clones
identified in the preceding screen were disregarded.

cDNA sequences were determined at least four times on both strands by Dye
Deoxy Terminator cycle sequencing with T3, T7, or cDNA-specific primers. For
database sequence similarity searches, Basic Logic Alignment Search Tool
(BLAST) was used (2). DNA and protein sequence comparisons were carried
out with the software GeneWorks 2.5 and MacVector 6.0.1 (Oxford Molecular
Group). Domain searches were performed with “coils” (33) and “motifs” (18).

RNA isolation and Northern blot analysis. The guanidinium thiocyanate
method was used to isolate total RNA from either L6 and 3T3-L1 cells (on the
indicated days of the differentiation programs), other cultured cells (after reach-
ing confluence), or mouse and rat tissues as previously described (47). RNAs
were dissolved in water, quantified by measuring the absorbancy at 260 nm, and
subjected to electrophoresis on agarose gels followed by ethidium bromide stain-
ing for analysis of their integrity. For Northern blot analysis total RNA was
fractionated on formaldehyde–1% agarose gels, blotted with alkali (50 mM
NaOH), and fixed onto Zeta-Probe blotting nylon membranes (Bio-Rad). The
blots were hybridized with a p235 cDNA fragment (probe 2, nucleotides 2200 to
3481, derived from clone IRG1 by EcoRI digestion, 32P labeled by random
priming to 109 cpm/mg [16]) for 16 h at 60°C in 0.5 M NaH2PO4 (pH 7.2)
containing 1 mM Na2EDTA and 7% sodium dodecyl sulfate (SDS), according to
the manufacturer’s protocol. Blots were washed twice in 40 mM NaH2PO4 (pH
7.2) containing 1 mM Na2EDTA and 5% SDS at 25°C and twice in the same
buffer, but with 1% SDS, at 60°C over a period of 2 to 3 h. RNA levels were
detected by autoradiography and quantified by scanning the autoradiograms with
a laser densitometer (Molecular Dynamics). Several exposures of each blot were
quantified to ensure that the exposures were within the linear range of the film.
The amounts of RNA on the blots were controlled by hybridization with radio-
labeled 340-bp probe, derived from chicken 18S ribosomal cDNA.

Southern blot analysis. Genomic DNA was isolated from rat (Sprague-Daw-
ley) and mouse (Swiss Webster) livers by common procedures (42) and digested

with restriction endonucleases (EcoRI, EcoRI plus EcoRV, EcoRI plus NcoI, or
EcoRI plus HindIII). Digests were resolved on 0.8% agarose gel and alkali
transferred to a Zeta-Probe blotting nylon membrane. The genomic Southern
blot was hybridized with a radiolabeled 1.2-kbp EcoRI fragment of the clone
IRG1 (probe 2, nucleotides 2200 to 3481, 106 cpm/ml, random-priming labeling).
Hybridization and subsequent washing conditions were the same as described
above for the Northern blot analysis.

Fusion proteins. A C-terminal region of p235 (amino acids 1684 to 2052) was
expressed as a glutathione S-transferase (GST) fusion protein in pGEX5X-3
vector (Pharmacia). The pGEX-C1684-2052 construct was generated by subclon-
ing the BamHI-XhoI fragment of clone K12 into a BamHI-XhoI digest of
pGEX5X-3 vector and was confirmed by restriction mapping. An N-terminal
region of p235 (amino acids 99 to 473) was expressed as a GST fusion protein in
the pGEX-1 vector (Amrad). To construct pGEX-1NL99-473 the SacI fragment
(1.2 kbp) of clone 2N3 was first subcloned in pGEM4Z (Promega) and the EcoRI
fragment (1.2 kbp) of the resulting construct was ligated into an EcoRI digest of
pGEX-1. E. coli XA-90 was used for transformation. The production, purifica-
tion, and elution of the GST fusion proteins from glutathione-agarose beads
(Sigma) were performed essentially as we previously described (47) except for
the bacterial cell lysis, which was performed at 4°C with lysozyme (1 mg/ml;
Boehringer Mannheim) and followed by DNase I (0.1 mg/ml; Boehringer Mann-
heim) digestion. The concentrations and quality of the eluted purified proteins
were determined electrophoretically by comparing the intensities of the Coo-
massie blue-stained protein bands with that of a bovine serum albumin standard
(Pierce).

N-terminal or C-terminal portions of p235 were fused with the enhanced green
fluorescent protein (EGFP) for fluorescence microscopy studies. To prepare the
pEGFP-NS1-286 construct, the 850-nucleotide HindIII fragment of clone N16
was subcloned into a HindIII digest of pEGFP-C2 (Clontech). A short fragment
of 14 amino acids (SLISNSARARVHVE) left from the pBluescript polylinker
after the HindIII site preceded the initial Met. The pEGFP-NS1-180 construct
was engineered by digestion of pEGFP-NS1-286 with PstI and subsequent liga-
tion of the resulting construct. To generate pEGFP-C1684-2052, the BamHI-SalI
fragment (2.3 kbp) of cDNA clone K12 was first subcloned into a BamHI-SalI
digest of pGEM4Z (Promega). The BamHI-XbaI fragment (2.3 kbp) of the
pGEM4Z construct was then subcloned into a BamHI-XbaI digest of pEGFP-
C2. All constructs were confirmed by restriction endonuclease mapping.

To engineer a full-length clone from the p235 partial sequence clones, we used
convenient restriction sites. Briefly, p235S (6.4 kbp) was constructed in the XbaI-
SalI sites of pBluescript II SK(1) by ligating the pregenerated N- and C-terminal
fragments in the unique KpnI restriction site at position 2929. The C-terminal
fragment (3.6 kbp) was generated in two steps. First, the HindIII-PstI fragment
of clone K12 (Fig. 1A) and the HindIII-NcoI fragment of clone IRG7 were
ligated into the NcoI- and PstI-digested pGEM-T vector (Promega). Next, the
resulting insert, released by NcoI and SalI, was ligated with the KpnI-NcoI
fragment of IRG2 into KpnI and SalI-digested pBluescript II SK(1). The N-
terminal fragment (2.8 kbp) was also generated in two steps. First, we linked the
HindIII-EcoRV fragment of clone N12 to the EcoRV-KpnI fragment of IRG4 in
a HindIII-KpnI digest of pBluescript II SK(1). The resulting HindIII-KpnI frag-
ment together with the EcoRI-HindIII segment of clone N16 was ligated into an
EcoRI-KpnI digest of pCRII (Invitrogen). Finally, the XbaI-KpnI N terminus was
ligated to the KpnI-SalI C terminus in pBluescript II SK(1). The full-length
p235S cDNA was tagged at the NH2 terminus with a 9-amino-acid epitope,
YPYDVPDYA, derived from influenza virus hemagglutinin (HA) as we previ-
ously described (47). The double-stranded oligonucleotide encoding the se-
quence detailed above after the initial Met and tailed with convenient restriction
sites (59, EcoRI; 39, XbaI) together with the full-length p235S XbaI-SalI fragment
of pBluescript was subcloned into EcoRI and SalI sites of the mammalian
expression vector pCMV5. The proper organization of the construct pCMV5-
HA-p235S was confirmed by restriction endonuclease mapping.

Transient-expression assay. COS-7 cells were seeded at 750,000 cells per
100-mm-diameter plate or at 125,000 cells per coverslip (six-well dish). Trans-
fections with pEGFP-NS1-286, pEGFP-NS1-180, or pEGFP-C1684-2052 were
performed with Lipofectamine (Gibco, BRL) as a transfection reagent by the
manufacturer protocol. Fifteen to 24 h after transfections, the cells were either
homogenized and fractionated for immunoblotting analysis or processed further
for fluorescence microscopy studies. Transfections with pCMV5-HA-p235S were
performed by the calcium phosphate precipitation method as we described pre-
viously (47). Forty-eight hours posttransfection, the cell lysates were collected
and used for immunoprecipitation and Western blotting.

Cell treatment. Fifteen hours posttransfection with the pEGFP-NS1-286 con-
struct, COS-7 cells grown on coverslips were serum starved for 3 h. To chelate
Zn21, the cells were treated with 200 mM N,N,N9,N9-tetrakis(2-pyridylmethyl)eth-
ylenediamine (TPEN; Sigma) dissolved in a culture medium as we described previ-
ously (43). Following incubation at 37°C for 30 min, the cells were immediately fixed
in methanol for fluorescence microscopy studies.

Fluorescence and immunofluorescence microscopy. COS-7 cells grown on
glass coverslips and transiently transfected with the GFP fusion constructs indi-
cated in the figure legends were serum starved for 3 h prior to the experiment.
The cells were then washed three times in phosphate-buffered saline (PBS), fixed
in methanol for 6 min at 220°C, and washed three more times in PBS. The
coverslips were then mounted on slides as indicated below. Immunofluorescence
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experiments with 3T3-L1 adipocytes were performed as described previously (44,
46). Briefly, 3T3-L1 adipocytes differentiated on glass coverslips and serum
deprived for 3 h were washed in PBS, fixed in methanol (6 min at 220°C),
rewashed three times in PBS, and permeabilized with 0.5% Triton X-100–1%
FBS in PBS for 15 min. Cells were then double stained with affinity-purified
anti-p235 peptide antibodies in PBS containing 1% FBS–0.5% Triton X-100 and
affinity-purified anti-GLUT4 monoclonal antibody (1F8, kind gift from K. Kan-
dror) by incubating for 90 min at 25°C. The cells were washed and exposed (30
min at 25°C) to fluorescein isothiocyanate-coupled goat anti-rabbit immunoglob-
ulin G (IgG) (Bio Science International) for immunodetection of anti-p235
antibodies and to Texas red-coupled goat anti-mouse IgG (Molecular Probes)
for immunodetection of anti-GLUT4 antibody. The cells were thoroughly
washed, first in PBS–1% FBS–0.5% Triton X-100 and then only in PBS, and fixed
in 4% formaldehyde. The coverslips were mounted on slides with a Slow fade
Antifade kit (Molecular Probes). Fluorescence analyses were performed with a
confocal microscope (Zeiss model LSM 310) with a 60/1.4 immersion lens.

p235 antibodies, immunoblotting, and immunoprecipitation. Rabbit poly-
clonal anti-p235 antibodies (East Acres, Southbridge, Mass.) were directed
against a synthetic mouse p235 C-terminal peptide (amino acids 2035 to 2052;
purified peptide conjugated to keyhole limpet hemocyanin via either tyrosine or
glutaraldehyde [Peptide Synthesis Facility, University of Massachusetts Medical
Center, Worcester]; R6951, R6952, and R6953) or against a recombinant GST-
p235N1-100 polypeptide (R7066 and R7069). The antisera (dilution, 1:3,000) or
protein A-purified IgG was used for immunoblotting or immunoprecipitation,
respectively. For Western blot analysis, the samples (20 to 100 mg of protein)
solubilized in Laemmli sample buffer (29) were separated by SDS-polyacryl-
amide gel electrophoresis (PAGE). After transfer onto nitrocellulose filters, the
blots were saturated with blocking buffer under previously specified conditions
(45) and probed (16 h at 4°C) with the antibodies indicated in the figure legends.
After washes, bound antibodies were detected with horseradish peroxidase-
bound anti-rabbit IgG (Boehringer) and a chemiluminescence detection kit (Du-
Pont, NEN). Quantitative p235 immunoprecipitation from 3T3-L1 adipocyte
lysates prepared in RIPA buffer (50 mM Tris-HCl [pH 8.0] containing 150 mM
NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, and 13 protease inhibitor
cocktail [1 mM phenylmethylsulfonyl fluoride, 5 mg of leupeptin per ml, 5 mg of
aprotinin per ml, 1 mg of pepstatin per ml, 1 mM benzamidine]) was performed
with anti-p235 (R6953 and R7069) antisera preadsorbed to protein A-Sepharose
CL-4B (Pharmacia) for 16 h at 4°C. Quantitative HA-p235 immunoprecipitation
from transiently transfected COS-7 cell lysates, prepared in the buffer described
above, was performed with both of the anti-p235 antibodies and with polyclonal
anti-HA antibodies. Control immunoadsorption to a corresponding preimmune
IgG was run in every experiment. Immunoprecipitates were washed extensively
with RIPA buffer and analyzed by Western blotting or subjected to lipid kinase
assay.

Denaturation and renaturation of blotted HA-p235. Anti-HA immunoprecipi-
tates (duplicate samples) derived from lysates of pCMV5-HA-p235- or pCMV5
(control)-transfected COS-7 cells were resolved by SDS–6% PAGE and trans-
ferred onto nitrocellulose membranes. Half of the membrane was probed with
anti-HA antibodies to visualize the expressed HA-p235 protein and determine its
position on the blot. The second half was subjected to a denaturation-renatur-
ation procedure in order to renature p235 kinase activity blotted to the mem-
branes (10). Briefly, the nitrocellulose membrane was soaked in 25 mM HEPES
buffer (pH 7.9) containing 6 M guanidine z HCl, 25 mM NaCl, 5 mM MgCl2, and
1 mM dithiothreitol for 30 min at 4°C. The buffer was changed seven consecutive
times, each time with a half concentration of the guanidine z HCl and incubation
for 15 min at 4°C. After renaturation, strips corresponding to the HA-p235
protein band or the same area from the adjacent control lane were excised from
the membrane and subjected to a lipid kinase assay.

Determination of Zn21 content. Zinc content was estimated essentially as
described elsewhere (19). Briefly, proteins were dialyzed extensively against 10
mM Tris-HCl buffer (pH 8.0) containing 0.2 M NaCl and 5% glycerol and diluted
further in the buffer described above to reach concentrations of 1 to 5 mM.
p-Hydroxymercuriphenyl sulfonate and 4-(2-pyridylazo)resorcinol (Sigma) solu-
tions were added to the diluted proteins (1 ml) at final concentrations of 200 and
100 mM, respectively. The A500 was read (Beckman model DU-50 spectropho-
tometer), and the concentration of Zn21 was calculated by using the extinction
coefficient for the 4-(2-pyridylazo)resorcinol-Zn21 complex, 6.6 3 104 M21 cm21

(61).
Lipid kinase assay. After immunoprecipitation and washings with RIPA

buffer, the beads were washed twice with 50 mM HEPES (pH 7.4)–1 mM
EDTA–150 mM NaCl, three times with 100 mM Tris-HCl (pH 7.5)–500 mM
LiCl, twice with 10 mM Tris-HCl (pH 7.5)–100 mM NaCl–1 mM EDTA, and
twice with assay buffer (50 mM Tris-HCl [pH 7.5], 1 mM EGTA, 10 mM MgCl2).
The excised nitrocellulose strips corresponding to renatured HA-p235 or the
control band were washed in assay buffer. The kinase reaction was carried out in
the assay buffer (50-ml final volume) for 15 min at 37°C, and the reaction mixture
contained 50 mM ATP, 12.5 mCi of [g-32P]ATP (6,000 Ci/mmol; Du-Pont, NEN),
and 100 mM sonicated lipid substrate (PI [Avanti Polar Lipids Inc.], PI 4-P
[Sigma], PI 3-P [Matreya], or PI 5-P [Echelon Research Labs]) as indicated in the
legend to Fig. 11. The reaction was stopped with 200 ml of 1 N HCl, and the lipids
were extracted with 160 ml of 1:1 (vol/vol) chloroform-methanol. The lower layer
was collected and washed twice with 100 ml of 1:1 (vol/vol) methanol–1 N HCl.

Aliquots of the resulting organic layer were applied to a preeluted (23) and
activated (110°C, 16 h) thin-layer chromatography (TLC) plate (PE SIL G, 250
mm; Whatman). The lipids were separated by a chromatographic solvent system
as described previously (23). Lipid standards were detected under UV light
following spraying with 0.001% primulin (Sigma). Generated radioactive prod-
ucts were detected by autoradiography and quantified by laser densitometry or
liquid scintillation counting of silica gel scrapings corresponding to the spot of
interest.

Nucleotide sequence accession number. The GenBank accession number for
the p235L sequence is AF102777.

RESULTS AND DISCUSSION

Isolation and sequence analysis of p235. While exploring
reverse transcription-PCR-based differential display screens
for identifying transcripts that, like the insulin-regulated glu-
cose transporter GLUT4, are expressed in a fat- and muscle-
unique fashion, we isolated a candidate cDNA fragment. It
predicted a peptide closely related to residues 1211 to 1322 of
S. cerevisiae Fab1p, a probable PI(4)P5K implicated in yeast
membrane trafficking (59) with no known mammalian coun-
terpart. Screening of a mouse 3T3-F442A adipocyte library
isolated a full-length cDNA (composite sequence from seven
overlapping partial cDNAs [Fig. 1A]) of a novel mammalian
gene encoding a protein of 2,052 amino acids with a calculated

FIG. 1. Cloning of p235. (A) Schematic representation of the seven overlap-
ping clones, encompassing the full-length p235L cDNA sequence. The numbers
under the lines represent the nucleotide numbers of the full-length p235L nu-
cleotide sequence included in the clones. The initiation and termination codons
are noted. The position of the initial PCR fragment, fragment 9, is indicated. (B)
Deduced amino acid sequence of p235L. The termination codon is marked by an
asterisk.
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molecular weight of 233,040 (Fig. 1B). The predicted ATG
initiation codon conforms well to the Kozak consensus se-
quence (28) for the translation initiation start and is preceded
by an in-frame terminator (nucleotide 78), thus supporting the
notion that this ATG represents the translation initiator of the
p235 gene product (Fig. 1B). We have designated this protein
p235L (p235 long form) to reflect the molecular mass of its
gene product. A short splice variant with an 11-amino-acid
peptide deletion (residues 108 to 118) of the p235 N-terminal
region was also isolated and designated p235S (p235 short
form) as discussed below.

Database analysis of the deduced amino acid sequence re-

vealed that p235 contains domains with potential functional
significance, including, in order from its N terminus, a Zn21-
binding FYVE finger (49), a large chaperonin-like region (15),
and, spread over the C-terminal portion, a PI(4)P5K homology
region (31) (Fig. 2). As shown in Fig. 2A, the overall architec-
ture and size of p235 are thus very similar to those of the
2,279-amino-acid yeast Fab1p (59). The individual domains of
p235 demonstrate high degrees of homology to other proteins
in the database. Thus, the FYVE motif, located at the N
terminus of the molecule and composed of 59 amino acids
(residues 166 to 224), displays 41 to 50% overall similarity to
the corresponding domains in Fab1p (59), EEA1 (35), Vps27

FIG. 2. Sequence analysis of p235. Similarity of mouse p235 to other FYVE finger-containing proteins, molecular chaperones, PI 5-Ks, and PIP 4-Ks. (A) Map of
the domain structure of p235 and of related domains in Fab1p. Values are percentages of identity over percentages of similarity between the indicated proteins, the
boxed areas, or the black portions of the PI(4)P5K domain (asterisks). The amino acid sequences used for the analysis were obtained from the following GenBank
database accession numbers: S. cerevisiae Fab1p, 398498; C. elegans C05e7.5, 1065686; human EEA1, 2135066; rat Hrs-2, 1885385; S. cerevisiae Vps27, 785067; human
KIAA0371, 2224683; mouse Ankhzn, 2914017; human TCP1-g, 1729873; S. cerevisiae (S.c.) Bin2p, 493574; Schizosaccharomyces pombe (S.p.) PIP 5-K, 2894286; human
PI 5-Ka (type I), 1743875; human PIP 4-K (type II), 1346720; and human PIP 4-K (type III, now considered to be type II), 1730569. (B) FYVE finger in a conserved
Zn21-binding region. Potential Zn21-coordinating His-Cys clusters are indicated below the alignment. (C) Alignment showing similarities between subsets of highly
conserved motifs with a predicted role in PI 5-K function. Similarities and identities are denoted by boxed areas. aa, amino acids.

626 SHISHEVA ET AL. MOL. CELL. BIOL.



(39), Vac1 (56), Hrs-2 (4, 27), human KIAA0371 (36), mouse
Ankhzn (GenBank accession no. 2914017), and several open
reading frames (ORFs) of Caenorhabditis elegans (Fig. 2A and
B and data not shown). Although zinc fingers are thought to be
an attribute of nuclear DNA-binding proteins, an increasing
body of evidence indicates that they have a role in protein-
protein (for a recent review, see reference 34) or protein-lipid
(7, 17, 38) interactions. The FYVE finger has been previously
documented in 11 nonnuclear proteins (49) and is character-
ized by eight conserved cysteines and two histidines potentially
engaged in Zn21 coordination (Fig. 2B). The present study
expands this growing family with several new members, includ-
ing p235, mouse Ankhzn, human KIAA0371 (Fig. 2A), and
several ORFs of C. elegans (not shown), and suggests that
additional members can be expected. Intriguingly, among
those proteins, several are implicated in membrane trafficking
and, at least with respect to EEA1, the best-studied FYVE
finger-containing protein thus far, this domain is thought to
dictate endosomal localization (35, 37, 49). Thus, FYVE finger
presence in p235 suggests a direct or indirect role for the
protein in endosome-related membrane trafficking.

A homology to molecular chaperones (chaperonin-like re-
gion) is present within the N-terminal half of p235 and spans
approximately 200 amino acids (residues 615 to 822) (Fig. 2A).
This region of p235 displays more than 50% similarity to the
corresponding domains in S. cerevisiae Fab1p (59) and Bin2p
(11) and a C. elegans ORF (Fig. 2A). Its apparent high degree
of similarity (.55%) to members of the TCP1 protein family,
i.e., TCP1-g protein (55) (Fig. 2A), predicts a function of p235
in assisting in noncovalent protein assembly (for a recent re-
view, see reference 15).

The p235 C terminus (amino acids 1796 to 2045) displays a
high sequence similarity to the predicted catalytic region of
PI(4)P5Ks in mammals and yeast, including human or murine
type I (11, 32) and type II (5, 13) PI(4)P5Ks, S. cerevisiae Fab1p
(59) and Mss4p (60), Schizosaccharomyces pombe PI(4)P5K
(accession no. 2894286), and a C. elegans ORF (accession no.
1065686) (Fig. 2A). It includes a potential nucleotide-binding
motif (GKS), magnesium coordination residues (DLKG), and
downstream sequences (6) (Fig. 2C). Intriguingly, outside the
predicted kinase domain, p235 shows no homology with the
known mammalian PI(4)P5Ks and is distinguished from them
in having additional unique sequences on the N-terminal side
of the catalytic domain. Likewise, p235 displays no homology
to the kinase motifs in other lipid, phosphoinositide, or protein
kinases available in the database. Together, these unique fea-
tures are consistent with the idea that mouse p235 defines a
new class of mammalian phosphoinositide 5-K family.

The p235 protein sequence possesses other structural motifs
and recognition sites, including three 21-amino-acid regions
with the potential (P 5 0.89, P 5 0.74 and P 5 0.92) to form
a coiled-coil structure, 4 potential tyrosine kinase phosphory-
lation sites, 33 potential protein kinase C phosphorylation
sites, 8 potential phosphorylation sites for cyclic AMP- and
cyclic GMP-dependent protein kinases, 43 potential casein ki-
nase II phosphorylation sites, and 9 potential N-glycosylation
sites. These results indicate that p235 is likely influenced by
multiple cellular regulators.

FIG. 3. Northern blot analysis of p235 transcript levels in cultured cells (A)
and mouse tissues (B). Each lane was loaded with 20 mg of total RNA isolated
from the indicated cultured cells or mouse tissues as described in Materials and
Methods. Blots were sequentially hybridized with a 32P-labeled cDNA fragment
of p235 corresponding to nucleotides 2200 to 3481 (A and B, upper gels) or a
chicken 18S ribosomal cDNA probe (A and B, lower gels) under high-stringency
conditions. L6 myocytes and 3T3-L1 adipocytes were used at the indicated day of
the differentiation program. The increase of p235 transcript levels in 3T3-L1
adipocytes was threefold (two independent differentiations). sk, skeletal.

FIG. 4. Southern blot analysis of restriction endonuclease-digested genomic
DNAs from rat and mouse. Genomic DNA isolated from Sprague-Dawley rat or
Swiss Webster mouse liver was digested with EcoRI (lanes 2 and 7), EcoRI plus
EcoRV (lanes 3 and 8), EcoRI plus NcoI (lanes 4 and 9), and EcoRI plus HindIII
(lanes 5 and 10) or not digested (lanes 1 and 6). Electrophoresis and transfer
were performed as described in Materials and Methods. The blot was hybridized
with probe 2 (nucleotides 2200 to 3481). A BstE II digest of l DNA (New
England Biolabs) was used as a molecular size standard.
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p235 message is enriched in insulin-sensitive cells and tis-
sues. The tissue differential display methodology used to iden-
tify p235 predicts its exclusive expression in insulin-sensitive
cells and tissues. We determined the levels of p235 mRNA
present in insulin-sensitive versus insulin-unresponsive cul-
tured cells (Fig. 3A). Under certain cultured conditions,
3T3-L1 mouse and L6 rat cell lines differentiate from relatively
insulin-unresponsive fibroblasts to highly insulin-sensitive adi-
pocytes and myocytes, respectively, expressing the insulin-reg-
ulated GLUT4 glucose transporter. Northern blot analysis de-
tected p235 mRNA as a single clear-cut 9-kb transcript, highly
abundant in these insulin-sensitive cultured cell models (Fig.
3A). In the respective fibroblastic lines, the p235 transcript was
also detected but to a significantly lesser extent (less than
threefold) (Fig. 3A). In other cultured cells lacking GLUT4,
including COS, CHO, MCF-7, and HeLa cells, the p235 mes-
sage was undetectable (Fig. 3A). These data indicate that the
transcript level of p235 substantially increases upon differen-
tiation into insulin-responsive cells.

The results of Northern blot analysis with total RNA derived
from various mouse tissues are depicted in Fig. 3B. This anal-
ysis confirmed the presence of p235 mRNA in fat and muscle
tissues (Fig. 3B). However, while in the tissues analyzed here,
specifically, brain, liver, kidney, and lung, the p235 message
was undetectable, a clear-cut 9-kb message was documented
for spleen (Fig. 3B). These results indicate that p235 is ex-
pressed in a tissue-specific manner but is not absolutely re-
stricted to adipose and muscle.

Genomic Southern blot analysis predicts one p235 gene.
Existence of multiple isoforms of both human and murine type
I and type II PI(4)P5Ks (9, 22, 31) prompted us to determine
the number of p235-related genes in the mouse genome. To
address this issue, genomic DNAs derived from mouse and rat
were analyzed by Southern blotting with a probe derived from
a region of p235 with a unique sequence (EcoRI fragment of
clone IRG1, nucleotides 2200 to 3481 [Fig. 1A]). As demon-
strated in Fig. 4, the probe hybridized with single fragments
from Sprague-Dawley rat and Swiss Webster mouse DNAs,
following genomic DNA fragmentation with EcoRI, either
alone or combined with EcoRV, NcoI, and HindIII. The slight
variations in the sizes of the DNA fragments between mice and
rats detected on the blots are apparently related to character-
istic species variations (Fig. 4). These data are consistent with
the notion that p235 is a single-copy gene in the mouse and rat
genomes.

Alternative splicing. While Southern and Northern blot
analyses predict a single-copy gene encoding p235, a variant of
the p235 N-terminal region was isolated from the adipocyte
cDNA library. Sequence analysis of two additional clones, N16
(2.9 kbp) and N17 (2.7 kbp), demonstrated identity to p235
over the entire region covered by them (amino acids 1 to 955)

except for a 33-nucleotide deletion that led to elimination of an
11-amino-acid peptide (ENTLPHPQEST) in the region from
residues 108 to 118 of the deduced p235L amino acid sequence
(Fig. 1B and 5). This observation suggests that the two clones
are products of alternative splicing of the p235 gene thus en-
coding a short and a long p235 splice variant, called herein
p235S and p235L, respectively (Fig. 5). The two forms are likely
equally abundant, as judged by the equal numbers of isolated
cDNA clones encoding either form, but are indistinguishable
in Northern blot analysis due to the small differences between
their mRNA sizes (;0.35%). These results indicate that mouse
adipocytes express at least two forms of p235 distinguished by
the presence or absence of an 11-amino-acid stretch; the func-
tional significance of this difference is yet to be elucidated.

p235 is localized to vesicle structures. To examine the in-
tracellular localization of the endogenous p235 protein, we first
developed specific antibodies against the C-terminal peptide
(residues 2035 to 2052). Anti-peptide p235 antibodies specifi-
cally and quantitatively recognized a protein fragment of p235
that carries the C terminus, GST–C1684-2052, expressed as a
GST fusion protein in a bacterial host (Fig. 6A). In order to
achieve specific visualization of the endogenous p235, anti-
p235 antiserum (R6953) was affinity purified on this C-terminal
protein fragment. Results of immunofluorescence analysis in
serum-deprived 3T3-L1 adipocytes with p235 affinity-purified
antibodies are illustrated in Fig. 6B. A distinctive peripheral
vesicular pattern of the fluorescence staining associated with
immunoreactive p235 was observed. A diffuse staining only at
a background level was usually documented under these con-
ditions, consistent with the idea of a lack of substantial cyto-
solic amounts of p235. Some vesicles could be observed in the
perinuclear area, where GLUT4 transporter protein was visu-
alized, as demonstrated by double staining with the monoclo-
nal 1F8 anti-GLUT4 antibody (Fig. 6B). However, both pro-
teins displayed different staining patterns; GLUT4 shows
typical perinuclear staining as we have documented previously
(44), while p235 shows punctate peripheral staining. These
observations suggest a lack of significant colocalization be-
tween those two proteins in resting 3T3-L1 adipocytes. Preim-
mune sera or equal amounts of nonimmune IgG showed only
low background immunofluorescence under these conditions.
Together, these results support the notion that p235 is princi-
pally a membrane-bound protein associated with vesicle struc-
tures in 3T3-L1 adipocytes. However, the exact definition of
p235-containing vesicles remains to be established.

p235 N terminus confers the peripheral vesicular pattern.
The distinctive peripheral vesicular pattern of immunoreactive
p235 on the images illustrated in Fig. 6B suggests the possibil-
ity that a membrane-targeting signal is present within p235. A
hallmark of the p235 N-terminal amino acid sequence is de-
termined by the presence of a FYVE finger (amino acids 166

FIG. 5. Schematic representation of the 11-amino-acid insert in p235L. The short splice variant, p235S, is predicted by the clone N16 (nucleotides 130 to 2876), which
is identical to p235L over its whole sequence from amino acids 1 to 955, with the exception of the indicated deletion of an 11-amino-acid stretch (amino acids 108 to
118). Clone N16 was isolated from the mouse adipocyte cDNA library by hybridization to probe 2 (nucleotides 2200 to 3481) as described in Materials and Methods.
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to 224). Recent studies indicate that the FYVE finger in EEAI
confers localization to early endosomes (49), a characteristic
typical of this protein (35, 37). These results imply that the
p235 FYVE finger may also direct the molecule to membranes
of the endocytic pathway and may account for the peripheral
punctate appearance of immunoreactive p235. To test this
hypothesis, the p235 N-terminal region (amino acids 1 to 286)
was fused with GFP and the resultant new vector, pEGFP-NS1-
286, was used to transiently express the N-terminal portion in
COS-7 cells. We first confirmed the expression of the predicted
proteins by Western blotting of SDS-PAGE-resolved COS cell
lysates. As demonstrated in Fig. 7A, anti-GFP antibodies vi-
sualized the p235-NS1-286 protein fragment as a 70-kDa pro-
tein band, consistent with the expected size of the fusion pro-
tein. Next, fluorescence microscopy analysis of the transfected
cells revealed that while the green fluorescent signals of
EGFP-expressing cells were detected in both the cytoplasm
and the nucleus, in agreement with other studies (24, 48), those
of EGFP–NS1-286 were found associated exclusively with ve-
sicular structures reminiscent of endosomes (Fig. 7B). No dif-
fuse staining was documented even at substantially high levels
of expression of EGFP–NS1-286 under the conditions of our
experiments (Fig. 7B), in line with the observed absence of
detectable p235 or p235-NS1-286 soluble forms (Fig. 6B and
data not shown). Conversely, no vesicular appearance of the

fluorescence associated with the C-terminal portion of the
molecule, residues 1684 to 2052, was observed (Fig. 7B). When
expressed as a similar EGFP construct in COS cells, verified by
immunoblotting with anti-GFP antibodies (Fig. 7A), the green
fluorescent signals of EGFP–C1684-2052 were found pe-
rinuclearly along with diffuse staining, a characteristic of its
presence in the cytosol (Fig. 7B). Taken together, these data
are consistent with the idea that the N-terminal part of the
molecule, probably through the FYVE motif, confers the ob-
served peripheral vesicular pattern of p235 intracellular local-
ization.

p235 FYVE motif binds zinc. As demonstrated in Fig. 2B,
the FYVE fingers in p235 and in other proteins are character-
ized by eight conserved cysteines and two histidines, all poten-
tially engaged in Zn21 coordination (49). Both the EEA1
FYVE motif and Hrs-2 have been shown to bind Zn21, and
mutagenesis in the conserved Cys or His within the EEA1
FYVE motif has been shown to decrease Zn21 content in the
mutant proteins (4, 49). To test whether p235 possesses the
ability to coordinate zinc and whether its FYVE domain con-
tributes to this property, we expressed the N-terminal (amino
acids 99 to 473) and the C-terminal (amino acids 1684 to 2052)
regions of p235 as GST fusion proteins. The proteins were then
purified on glutathione agarose beads and subjected to a col-
orimetric assay to determine the zinc contents of the fusion

FIG. 6. Intracellular localization of endogenous p235 in 3T3-L1 adipocytes. (A) Specificities of anti-p235 antibodies. GST or GST–p235-C1684-2052 fusion proteins
were expressed in E. coli XA-90 and purified on glutathione-agarose beads as described in Materials and Methods. Aliquots of the beads equivalent to 2 mg of GST
(lanes 1 and 4) and 200 and 800 ng of GST–C1684-2052 (lanes 2 and 5 and lanes 3 and 6, respectively) were boiled in Laemmli sample buffer, resolved by SDS-PAGE
(10.5% acrylamide; duplicate gels) and analyzed by immunoblotting with preimmune (pre-imm; dilution, 1:500) or anti-p235 (R6953; dilution, 1:3,000) antiserum as
indicated. Anti-p235 peptide antiserum, generated against the C-terminal 18 residues (amino acids 2035 to 2052), detects specifically and in a linear relationship the
C-terminal p235 protein (lanes 5 and 6). (B) Immunofluorescence microscopy of immunoreactive p235 in 3T3-L1 adipocytes. Cells, grown and differentiated on
coverslips, were washed, fixed in methanol, permeabilized, and stained with the anti-p235 antibodies affinity purified on a GST–C1684-2052 protein band cut from the
nitrocellulose membrane shown in panel A. For the double labeling, mouse monoclonal anti-GLUT4 antibody (1F8) was used. Immunodetection of anti-p235 was
achieved with fluorescein isothiocyanate-conjugated goat anti-rabbit IgG, and that of anti-GLUT4 IgG was achieved with Texas red-conjugated goat anti-mouse IgG.
The phase-contrast image depicts cell shape and nuclei of the same field.
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proteins. As illustrated in Fig. 8, while virtually no zinc was
found associated with GST–C1684-2052 and the negative con-
trols (bovine serum albumin and the expressed phosphoty-
rosine-binding (PTB) domain of Shc as a GST fusion protein,
GST–Shc1-233), the GST–NL99-473 fusion protein that carries
the FYVE motif was found to contain 2.2 mole equivalents of
Zn21. These results indicate that the p235 protein binds Zn21,
an ability associated with the N-terminal region of the mole-
cule, presumably through the cysteine-rich FYVE finger.

The peripheral vesicular pattern of EGFP–NS1-286 is de-
pendent upon Zn21 presence. The properties of the N-termi-
nal portion of the p235 molecule of binding Zn21, demon-
strated in Fig. 8, and localizing to vesicular structures
reminiscent of endosomes, demonstrated in Fig. 7, may be
related. We tested this hypothesis by examining the intracel-

lular localization of EGFP–NS1-286 in transfected cells sub-
jected to Zn21 depletion by TPEN treatment. This lipid-solu-
ble cell-permeable chelator exhibits an extraordinarily high
affinity for heavy metals, with the highest K association value
being for Zn21 (K association values equal to 1010.27 M21,
1014.61 M21, and 1015.58 M21 for Mn21, Fe21, and Zn21, re-
spectively [3, 20]). As illustrated in Fig. 9, short application of
the chelator (30 min) at concentrations that have no noticeable
adverse side effects (200 mM [43]) to COS-7 cells, transiently
expressing EGFP–NS1-286, resulted in a profound diffuse
staining pattern. By contrast, no change in the fluorescence
associated with EGFP was documented (not shown). Thus,
Zn21 depletion causes a pronounced dissociation of EGFP–
NS1-286 from the vesicle compartments to the cytosol. Similar
cytosolic distribution was documented in COS-7 cells heterolo-
gously transfected with EGFP–NS1-180, a construct missing
the most conserved portion of the FYVE finger (Fig. 9). To-
gether, these results are consistent with the idea that the pe-
ripheral vesicular pattern of the green fluorescent signals as-
sociated with EGFP–NS1-286 protein is dependent upon a
Zn21-sensitive binding mechanism and an intact FYVE finger.

Recent studies, published while this manuscript was under
revision, have demonstrated that the FYVE fingers of several
proteins in yeast and mammalian cells function as PI 3-P-
binding domains and that this interaction confers an endoso-
mal localization (7, 17, 38). Importantly, PI 3-P–FYVE finger
interactions appear critically dependent upon an intact Zn21-
binding FYVE finger, as both Zn21 chelation by TPEN and a
point mutation within the FYVE finger completely abolished
the binding of EEA1 FYVE finger to PI 3-P-containing lipo-
somes (7). Our data are in agreement with these results, and
together they underscore the Zn21 sensitivity of the FYVE
finger’s ability to direct molecules to specific intracellular loci.

Biochemical detection of the endogenous and epitope-tagged
p235. In order to detect p235 protein biochemically, 3T3-L1
adipocyte lysates were immunoprecipitated with either the im-
mune IgG fraction, the crude antiserum of the anti-p235 anti-
body preparation (R6953), or the corresponding preimmune
serum. Immunoprecipitated proteins were separated by SDS-
PAGE and analyzed by immunoblotting with the anti-p235
antiserum, whose specificity in such analysis is illustrated in
Fig. 6A. A single 180-kDa protein band, not seen with the

FIG. 7. Expression and intracellular localizations of the p235 N-terminal and
the C-terminal regions in transfected COS-7 cells. COS-7 cells were transiently
transfected with the EGFP–NS1-286 and EGFP–C1684-2052 cDNAs either on a
35-mm-diameter dish (A) or on coverslips (B) as indicated in Materials and
Methods. (A) Cell lysates were collected in RIPA buffer 24 h after transfection
and subjected to SDS-PAGE, electrotransfer to nitrocellulose membranes, and
immunoblotting with anti-GFP monoclonal antibody (2 mg/ml). (B) Cells were
washed and fixed in methanol 15 h after transfection with the indicated con-
structs. Localization of the expressed proteins was determined by the fluores-
cence signals of GFP with a standard fluorescein filter of a Zeiss confocal
microscope. Characteristic targeting of EGFP–NS1-286 protein to vesicle struc-
tures reminiscent of endosomes is observed at both low (b) and high (c) levels of
expression. No punctate peripheral staining is associated with EGFP–C1684-
2052 (d), but rather perinuclear and diffuse green fluorescent signals, excluded
from the nucleus, are observed.

FIG. 8. Determination of Zn21 contents in the N-terminal and C-terminal
regions of p235. The amounts of Zn21 associated with the indicated proteins
were determined as described in Materials and Methods. After the readout
EDTA was added to a final concentration of 2 mM. The difference in the values
for A500 measured in the absence and presence of EDTA was used to calculate
the mole equivalents of liberated Zn21. Shown are the results of a representative
experiment of two with identical results. BSA, bovine serum albumin.
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corresponding preimmune IgG, was detected in the p235 im-
munoprecipitates (Fig. 10A). An identical protein band has
been visualized with the antiserum directed against the N-
terminal 100-amino-acid segment (R7069; data not shown)
suggesting that the detected band is the authentic adipocytic
p235.

p235 electrophoretic mobility was substantially higher than
that predicted by the deduced p235 sequence. To verify that
the immunoprecipitated protein band represents p235, we ex-
ploited an epitope-tagging approach of full-length p235 com-
bined with heterologous expression. Lysates of COS-7 cells
transiently transfected with the HA-epitope-tagged p235s-
pCMV5 construct or the empty vector were immunoprecipi-
tated or not with anti-HA and anti-p235 antibodies and sub-
jected to SDS-PAGE. The blots were probed with anti-HA or
anti-p235 antiserum (Fig. 10B). Immunoblotting with both
probes illustrated that anti-HA IgG immunoprecipitated a sin-
gle band migrating at ;180 to 190 kDa only from the HA-
p235-transfected cells (Fig. 10B, lane 1 versus lane 2). The
same band was clearly visible in the lane with total lysates (Fig.
10B, compare lanes 3 and 4). Similarly, a protein band with the
same electrophoretic mobility was selectively detected in the
p235 immunoprecipitates derived from HA-p235-transfected
cells, as judged by probing with both antibodies (Fig. 10B, lane
5 versus lane 6). Based on the apparent intensity of this band,
the immunoprecipitating potency of the anti-p235 antibody
was less pronounced than that of anti-HA polyclonal antibody
(Fig. 10B, lane 2 versus lane 6). Thus, the mobility of immu-
noprecipitated heterologously expressed p235 was in the vicin-
ity of the 180-kDa protein band detected in 3T3-L1 adipocytes
in similar analyses, supporting the notion that the band docu-
mented in Fig. 10A represents the authentic adipocytic pro-
tein, which, for reasons that remain to be identified, displays an
anomalous mobility by SDS-PAGE.

Lipid kinase activity of endogenous and epitope-tagged
p235. The overall sequence and structural similarity of p235 to
yeast Fab1p, a probable PI(4)P5K (59), prompted us to exam-
ine whether p235 acts to generate PI 4,5-P2. For this purpose,
3T3-L1 adipocyte lysates were immunoprecipitated with poly-
clonal anti-p235 C-terminal peptide antibodies or preimmune
IgG and the pellets were subjected to lipid kinase assay in the
presence of PI 4-P as a substrate. TLC analysis of the lipid

products revealed generation, although to a modest level, of PI
4,5-P2 (Fig. 11A). Intriguingly, PI 4,5-P2 generation by p235
was largely activated by phosphatidic acid (6- to 15-fold) (Fig.
11B), similarly to type I PI 5-Ks (22, 23). Surprisingly, when PI
was provided as a substrate, the 32P incorporation was about 2
orders of magnitude more efficient than that with PI 4-P (Fig.
11A). The product generated migrated in the vicinity of mono-
phosphorylated PI, i.e., slightly lower (between 1.5 and 3.5 mm)
than the PI 4-P standard and higher than the PI 3-P standard,
which difference may result from the different natures of the
fatty acids in the lipid substrates. No other coproducts were
detected with PI as a substrate, suggesting that, unlike PI 5-Ks,
which display a concerted activity and convert PI to PI 5-P and
PI 4,5-P2 (53), p235 has a striking specificity toward a single
OH position of the inositol ring (Fig. 11A). Virtually no activ-
ity was detected in the presence of PI 3-P (Fig. 11A) or PI 5-P
(data not shown) as substrates.

We next analyzed whether heterologously expressed p235 in
COS-7 cells displays a similar ability to convert PI to PIP. The
expressed HA-p235 was immunoprecipitated with either an-
ti-HA or anti-p235 antibodies from detergent-solubilized cell
lysates as illustrated in Fig. 10B. Aliquots of these same im-
munoprecipitates were also analyzed for lipid kinase activity.
Significant amounts of PIP were routinely produced with both
types of the immune IgG but not with the preimmune serum
(Fig. 11C). More importantly, the amount of generated PIP
closely corresponded to the amount of the immunoprecipi-
tated HA-p235 protein (Fig. 10B, lane 2 versus lane 6), further
supporting the notion that p235 is the source of the measured
lipid kinase activity. Finally, to definitely determine that the
p235 kinase activity is intrinsic, rather than coming from asso-
ciated protein(s), we took advantage of the reported ability of
PI 5-Ks to renature from SDS-polyacrylamide gels (23). Ly-
sates of COS-7 cells transfected with pCMV5-HA-p235S or
with the empty vector were subjected to immunoprecipitation
with anti-HA antiserum. Immunoprecipitates were resolved by
SDS-PAGE, and after transfer, the proteins on nitrocellulose
membrane were renatured as described in Materials and
Methods. Nitrocellulose strips corresponding to the HA-p235
electrophoretic mobility (detected by Western blotting analysis
of duplicate samples run in parallel [Fig. 10B]) from the trans-
fected or nontransfected cells were excised and subjected to

FIG. 9. Effect of zinc depletion or FYVE finger deletion on the peripheral intracellular localization of the p235 N-terminal region in transiently transfected COS-7
cells. Fifteen hours after transfection with EGFP–NS1-286 (a and b) or EGFP–NS1-180 constructs (c), the cells were serum starved (3 h) and then treated (b) or not
treated at 37°C with TPEN (30 min, 200 mM). The cells were washed and fixed in methanol. Green fluorescent signals were detected with a confocal microscope. Upon
TPEN treatment, a dramatic change in the EGFP–NS1-286 staining pattern from endosome-like to diffuse cytoplasmic was readily observed, similar to the staining
pattern of the EGFP–NS1-180 construct lacking the FYVE finger.
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lipid kinase assay. As illustrated in Fig. 11D, the kinase activity
measured with PI substrate was renatured only in the HA-p235
strip. Noteworthy, p235 protein fragment harboring the pre-
dicted catalytic region and expressed as a fusion protein (GST–
C1684-2052) in a bacterial host did not display detectable ac-
tivity under the conditions of our kinase assay, suggesting that
additional regions of the molecule are also essential. Together,
these results demonstrate that p235 displays the ability to phos-
phorylate PI species yet its substrate specificity is distinct from
both PI 5-Ks (type I) and PIP 4-Ks (type II). The finding that
p235 in a unique fashion preferentially generates PIP from PI
and, to a lesser extent, PI 4,5-P2 from PI 4-P but not from PI

5-P, indicates that p235 defines a novel class of the phospho-
inositide kinase family.

Several lines of evidence suggest that p235 phosphorylates
the D-5 rather than the D-4 position. Thus, it displays higher
sequence homology to PI 5-Ks than to PIP 4-Ks, and as with PI
5-Ks, the generation of PI 4,5-P2 from PI 4-P is activated by
phosphatidic acid (22, 23). Next, only if the D-4 position, and
not the D-5 position, is already phosphorylated, p235 gener-
ates PI 4,5-P2. Finally, p235 has no homology with any PI 4-Ks
presently known, and unlike many of them, p235 PIP-generat-
ing activity is only slightly inhibited (,15%) by adenosine at
300 mM (data not shown), a concentration shown to com-
pletely inhibit PI 4-K (58). However, more reliable separation

FIG. 10. Detection of endogenous p235 in 3T3-L1 adipocytes (A) and ex-
pressed epitope-tagged p235 in COS-7 cells (B) by immunoprecipitation and
Western blotting. (A) Proteins from 3T3-L1 lysates were immunoprecipitated
(IP) on preimmune (pre-imm) or anti-p235 antibodies (R6953) as described in
Materials and Methods. After five washes in RIPA buffer, the immunoprecipi-
tated proteins were resolved by SDS-PAGE, transferred to nitrocellulose mem-
branes, and immunoblotted with anti-p235 peptide antiserum (R6953). (B)
COS-7 cells were transfected with pCMV5-HA-p235s cDNA or with the empty
vector as indicated. Cell lysates were immunoprecipitated with the anti-p235 or
anti-HA antiserum. The lysates of transfected cells, together with HA and p235
immunoprecipitates, were sequentially Western blotted with anti-HA and anti-
p235 antisera as indicated.

FIG. 11. Lipid kinase activity of native and heterologously expressed p235.
(A and B) Proteins from 3T3-L1 lysates were immunoprecipitated on preim-
mune (pre-imm) or anti-p235 peptide antibodies as described in Materials and
Methods. After various washes, the immunoprecipitates were subjected to lipid
kinase assay as described in Materials and Methods, in the presence of the
indicated substrates (A) or PI 4-P (B). Where indicated, phosphatidic acid (PA;
140 mM; Avanti Polar Lipids Inc.) was present during the assay. (C) Lysates from
COS-7 cells transfected with pCMV5-HA-p235 were immunoprecipitated with
preimmune, anti-HA, or anti-p235 IgG as indicated. The immunoprecipitates
were assayed for kinase activity as before with PI as a substrate. (D) COS-7 cells,
transfected with pCMV5-HA-p235 or the empty vector, were immunoprecipi-
tated with anti-HA IgG, and after SDS-PAGE the proteins were electrotrans-
ferred onto a nitrocellulose membrane. Transferred proteins were subjected to
renaturation as described in Materials and Methods. Strips from both transfected
and control lanes, corresponding to the electrophoretic mobility of HA-p235
(determined by Western blotting run in parallel) were excised and assayed for
kinase activity in the presence of PI. Shown are TLC separations of extracted
lipids and the positions of the indicated lipid standards and the origin (long
arrow).
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techniques than TLC (40) will be required to definitely deter-
mine p235’s specificity toward the D-5 position of the inositol
ring.

Although the specific function of p235 in the complex reg-
ulation of living cells is unknown, p235 likely operates to sup-
port the intracellular PIP pool and, to a lesser extent, the PI
4,5-P2 pool. It remains to be elucidated whether the PI 5-P
lipid product has a specific function in eukaryotic cell regula-
tion on its own and/or serves as a substrate for further actions
of PIP 4-Ks (40) or PI 3-Ks (52) (separately or in concert) to
generate PI 4,5-P2, PI 3,4,5-P3, or PI 3,5-P2. Several recent
studies demonstrate the importance of a phosphorylated D-5
position in polyphosphoinositides for membrane trafficking
events. Thus, studies with yeast indicate a rapid PI 3,5-P2 burst
associated with an acute osmotic adaptation thought to involve
an acceleration of vesicle trafficking (14). Insulin-regulated
action on GLUT4 translocation to the cell surface, associated
with a PI 3,4-P2 and PI 3,4,5-P3 increase (26, 41), appears
extremely sensitive to a selective dephosphorylation of position
5 of PI 3,4,5-P3, achieved by overexpressing the 59-inositol-
phosphatase SHIP in 3T3-L1 adipocytes (54). The role of p235
and its lipid products in membrane trafficking is further rein-
forced by the findings demonstrating that the loss of function
of S. cerevisiae Fab1p, whose phospholipid product remains to
be identified, causes multiple defects in vacuole function and
morphology (59). Finally, the presence of a FYVE finger in
p235, a motif found in several yeast and mammalian cell pro-
teins, such as Hrs-2, Vac1, Vps27, and Fab1p (4, 39, 56, 59),
relevant in membrane trafficking, adds further support to the
predicted role of p235 and/or its direct lipid product in the
mechanisms regulating intracellular membrane trafficking. In-
triguingly, mouse Hrs protein undergoes tyrosine phosphory-
lation in response to growth factors (27), implying a possible
hormonal regulation of membrane trafficking events by FYVE
motif-containing proteins. It remains to be identified whether
p235 PI 5-K is specifically activated by receptor signaling sys-
tems, particularly that initiated by the insulin receptor. The
cloning of p235 cDNA and the extensive characterization of its
gene product, presented here, should facilitate efforts to an-
swer this question.
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